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Syndecan-1 is a cell surface proteoglycan involved in the regulation of various biological
processes such as proliferation, migration, condensation and differentiation of cells,
intercellular communication, and morphogenesis. The extracellular domain of syndecan-1
can bind to extracellular matrix components and signaling molecules, while its intracellular
domain interacts with cytoskeletal proteins, thus allowing the transfer of information about
extracellular environment changes into the cell that consequently affect cellular behavior.
Although previous studies have shown syndecan-1 expression during precise stages of
tooth development, there is no equivalent study regrouping the expression patterns of
syndecan-1 during all stages of odontogenesis. Here we examined the distribution of
syndecan-1 protein in embryonic and post-natal developing mouse molars and incisors.
Syndecan-1 distribution in mesenchymal tissues such as dental papilla and dental follicle
was correlated with proliferating events and its expression was often linked to stem
cell niche territories. Syndecan-1 was also expressed in mesenchymal cells that will
differentiate into the dentin producing odontoblasts, but not in differentiated functional
odontoblasts. In the epithelium, syndecan-1 was detected in all cell layers, by the
exception of differentiated ameloblasts that form the enamel. Furthermore, syndecan-
1 was expressed in osteoblast precursors and osteoclasts of the alveolar bone that
surrounds the developing tooth germs. Taken together these results show the dynamic
nature of syndecan-1 expression during odontogenesis and suggest its implication in
various processes of tooth development and homeostasis.
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INTRODUCTION
Syndecan-1 is a member of a family formed by four proteo-
glycans (PGs) containing a C-terminal cytoplasmic domain,
a well-conserved single-pass transmembrane domain, and a
large N-terminal extracellular domain (Jalkanen et al., 1987;
Sanderson and Bernfield, 1988; Saunders et al., 1989; Bernfield
et al., 1992; Eriksson and Spillmann, 2012; Pap and Bertrand,
2013). The extracellular domain contains motifs for glycosamino-
glycan (GAG) attachment, proteolytic cleavage, and cellular
interactions (Salmivirta et al., 1991; Bernfield et al., 1992;
Morgan et al., 2007; Eriksson and Spillmann, 2012; Pap and
Bertrand, 2013). The binding of the intracellular domain of
syndecan-1 to cytoplasmic proteins influences the dynamics of
the cytoskeleton and promotes intracellular and membrane traf-
ficking (Morgan et al., 2007). On the cell surface syndecan-1
strongly interacts with heparanase, which increases syndecan-
1 shedding at the extracellular domain by stimulating protease
expression (Kokenyesi and Bernfield, 1994; Morgan et al., 2007;
Pap and Bertrand, 2013). In various tumorigenic conditions,
syndecan-1 has been detected in the cell nucleus (Szatmári and
Dobra, 2013; Kovalszky et al., 2014; Stewart and Sanderson,
2014).
Syndecan-1 is involved in the epithelial–mesenchymal interac-
tions that take place during organogenesis, principally through
its ability to bind growth factors and modulate their downstream
signaling (Vainio and Thesleff, 1992; Perrimon and Bernfield,
2000). Syndecan-1 binds to a wide range of heparin-binding pro-
teins such as Fibroblast Growth Factors (FGFs), Midkine (MK),
and Hepatocyte Growth Factor (HGF) (Mitsiadis et al., 1995;
Perrimon and Bernfield, 2000; Häcker et al., 2005; Teng et al.,
2012). Signaling of these growth factors seems to be precisely
controlled by regulatory loops involving syndecan-1 expression
levels.
Tooth represents a suitable model system for studying
epithelial–mesenchymal interactions and morphogenetic events
during embryonic development (Thesleff et al., 1995). Sequential
and reciprocal interactions between the oral epithelium and the
underlying cranial neural crest-derived mesenchyme progres-
sively transform the tooth primordia into complex mineralized
structures with distinct cell types (Mitsiadis and Graf, 2009).
Signaling molecules such as FGFs, MK, Bone Morphogenetic
Proteins (BMPs), Wnt, and Sonic hedgehog (Shh) are involved
in these interactions from the earliest stages of tooth initia-
tion until the mineralization events (Mitsiadis and Luder, 2011).
The epithelial-derived ameloblasts and the mesenchyme-derived
odontoblasts are the highest differentiated dental cells that syn-
thesize and secrete the organic components of the enamel and
dentin, respectively.
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A number of previous data have shown that syndecan-1 is
expressed in the developing rodent molars and incisors (Vainio
et al., 1989, 1991; Bai et al., 1994; Mitsiadis et al., 1995, 2008;
Dias et al., 2005; Muto et al., 2007). Furthermore, a recent study
has reported on the expression of syndecan-1 in developing
human teeth (Kero et al., 2014). These findings have suggested
that syndecan-1 is implicated in the subdivision of the mes-
enchyme into dental and non-dental territories, controls tooth
morphogenesis and influences differentiation events. Although
these earlier studies have shown syndecan-1 expression during
precise stages of tooth development, there is no equivalent study
regrouping the expression patterns of syndecan-1 during all stages
of odontogenesis. For this reason, we have performed a system-
atic analysis of syndecan-1 protein distribution in the developing
mouse molars and incisors, as well as in the alveolar bone.
MATERIALS AND METHODS
ANIMALS AND TISSUE PREPARATION
Swiss and C57Bl/6 mice were used at embryonic and post-
natal stages. The Veterinary Office of the Canton of Zurich
(Switzerland) has approved the protocol working onmice (license
Nr. 151/2014). Embryonic age was determined according to the
vaginal plug (day 0) and confirmed by morphological criteria.
Animals were killed by cervical dislocation and the embryos were
surgically removed into Dulbecco’s phosphate-buffered saline
(PBS), pH 7.4. Dissected heads from the embryonic day 13.5
(E13.5) to the E18.5 mouse embryos and post-natal day 1 (PN1)
to PN8 mouse pups were fixed in 4% paraformaldehyde (PFA) in
PBS for 24 h at 4◦C. After fixation the post-natal tissues were dem-
ineralized in acetic acid 0.1 N in 0.5% PFA in PBS for 5 days and
then washed with PBS for 4 h. The heads were then dehydrated
and embedded in paraffin wax. Seven micrometer serial sections
were mounted on silanized slides and stored in air-tight boxes at
4◦C until immunohistochemistry.
IMMUNOHISTOCHEMISTRY ON TISSUE SECTIONS
A rat anti-mouse syndecan-1 antibody (281-2) was used
(50µg/ml). Preparation and characterization of this monoclonal
antibody has been described earlier (Jalkanen, 1985). The speci-
ficity of this antibody has been verified previously by immuno-
histochemistry (Mitsiadis et al., 1995). A secondary goat antibody
against rat IgG (1:500) was diluted in PBS and incubated at room
temperature for 2 h.
Immunoperoxidase staining (ABC kit, Vector Laboratories,
Burlingame, CA) was performed as previously described
(Mitsiadis et al., 1995). Positive peroxidase staining produces red
color on light microscopy. Replacement of primary antibody with
normal rat serum served as a negative control.
RESULTS
SYNDECAN-1 PROTEIN IN DEVELOPING MOLARS
At E13, the tooth epithelium forms a bud, around which the mes-
enchyme condenses. Syndecan-1 immunoreactivity was mainly
detected on the surfaces of condensing mesenchymal cells that
are close to the dental epithelium, whereas the staining in more
peripheral mesenchymal cells was absent (Figures 1A,B). A faint
FIGURE 1 | Distribution of syndecan-1 protein in the developing first
molars of mouse embryos. Immunohistochemistry on frontal sections.
Syndecan-1 staining (red color) in dental tissues during the bud (A,B), late cap
(C), and early bell (D,E) stages of tooth development. (E) Higher
magnification of the (D). Abbreviations: ab, alveolar bone; cm, condensed
mesenchyme; de, dental epithelium; df, dental follicle; dp, dental papilla; ED,
embryonic day; iee, inner enamel epithelium; m, mesenchyme; oe, oral
epithelium; oee, outer enamel epithelium; si, stratum intermedium; sr,
stellate reticulum. Size bars, 200µm.
and sporadic staining was also detected on the surfaces of some
dental epithelial cells.
During the cap and early bell stages (E15–E17), syndecan-
1 staining was seen on the surfaces of both dental epithelium
and dental mesenchymal cells (Figures 1C–E). In the epithe-
lium, intense reactivity was detected on cells of the outer den-
tal epithelium and stellate reticulum, where the staining was
weaker in cells of the inner dental epithelium and stratum inter-
medium (Figures 1C–E). In the mesenchyme, strong staining was
observed in dental follicle cells, as well as in cells of the dental
papilla in contact with the basement membrane that will differen-
tiate into odontoblasts (Figures 1C–E). A weaker immunostain-
ing was seen in fibroblasts of the dental papilla (Figure 1E).
During cytodifferentiation (PN3), syndecan-1 labeling was
absent from odontoblasts and ameloblasts located at the tip of
the cusps (Figure 2A) and the more apical areas (Figure 2C).
However, the staining became very strong in cells of the stratum
intermedium (Figures 2A,C) and in a lesser degree in stellate
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FIGURE 2 | Distribution of syndecan-1 protein in dental tissues of the
developing first molars of mouse pups. Immunohistochemistry on frontal
sections. Sections through the crown (A,B) and root (C,D). Syndecan-1
reactivity (red color) in tissues of developing tooth germs at post-natal day 3
(PN3) (A,C) and PN10 (B,D). Abbreviations: a, ameloblasts; ab, alveolar bone;
ca, cervical area; d, dentin; df, dental follicle; dp, dental pulp; e, enamel; m,
mesenchyme; o, odontoblasts; oe, oral epithelium; oee, outer enamel
epithelium; rs, root sheath; si, stratum intermedium; sr, stellate reticulum; v,
vessels. Size bars, 100µm.
reticulum (Figure 2A). A faint reactivity was observed in the
extracellular matrix of the dental pulp at the crown area
(Figure 2A), while strong immunostaining was found in mes-
enchymal cells that are close to the forming epithelial root sheath
at the cervical area (Figure 2C).
During mineral matrix deposition at P10, cells of the stra-
tum intermedium, stellate reticulum and outer dental epithelium
exhibited a very strong syndecan-1 reactivity (Figures 2B, 3A),
while a faint labeling was detected in mature ameloblasts
(Figure 2B). In the mesenchymal components of the tooth germ,
moderate immunoreactivity was found in dental follicle cells and
cells at the central part of the pulp (Figure 2D), whereas the
staining persisted in dental pulp cells that are located near to
the growing epithelial root sheaths (Figures 2D, 3A). A moder-
ate syndecan-1 labeling was detected in epithelial cells forming
the root sheath (Figure 2D) and in cells related to blood vessels
(Figure 2D).
SYNDECAN-1 PROTEIN IN DEVELOPING INCISORS
While at early stages of incisor development (E13.5) syndecan-
1 presented similar distribution patterns to those observed in
molar, at more advanced stages (E14.5–E16.5) an intensive label-
ing was detected in dental follicle mesenchymal cells (data not
shown). A weak staining was observed in cells of the inner dental
epithelium and stratum intermedium, whereas the immunore-
activity was absent from cells of the dental papilla mesenchyme
(data not shown; Mitsiadis et al., 2008). From P1 to P8, syndecan-
1 staining was detected on the surface of inner enamel epithelial
cells and cells of the stratum intermedium, stellate reticulum and
outer dental epithelium at the labial side of the incisor (enamel
forming side), while in preameboblasts/ameloblasts the label-
ing was weak (Figures 3B, 4A). Strong syndecan-1 reactivity was
observed in mesenchymal cells located at the central part of the
pulp and the cervical loop region (Figures 3B,C, 4A,B), whereas
the staining was absent in functional odontoblasts (Figures 3B,
4A). A similar pattern was seen in pulp cells located at the lingual
side of the incisor (cementum forming side) (Figure 4B), where
cells of the inner dental epithelium were negative for syndecan-1
(Figures 4C,D). Cells of the periodontal ligament exhibited very
intense syndecan-1 immunoreactivity (Figures 4B–D).
SYNDECAN-1 PROTEIN IN THE ALVEOLAR BONE
Alveolar bone formation and remodeling occurs during the
mineralization stages of tooth development. At PN10, strong
syndecan-1 immunoreactivity was detected in osteoblastic cells
of the alveolar bone that surrounds the developing tooth germs
(Figures 5A–C), as well as in osteoclasts (Figures 5C–E).
DISCUSSION
Transcription factors, secreted growth factors and extracellular
matrix molecules provide the molecular signals for the epithelial–
mesenchymal crosstalk that controls tooth development (Thesleff
et al., 1995; Mitsiadis and Graf, 2009; Mitsiadis and Luder, 2011).
The present study shows that syndecan-1 is distributed in dis-
tinct areas of the epithelium and mesenchyme during the early
and late stages of odontogenesis. Syndecan-1 is involved in the
signaling between epithelium and mesenchyme that is necessary
for normal progression of tooth morphogenesis (Vainio et al.,
1989). Syndecan-1 expression in the dental mesenchyme by E13.5
is associated with the transfer of the odontogenic potential from
the epithelium to the mesenchyme (Vainio et al., 1989; Mitsiadis
and Graf, 2009). Previous studies have shown that expression of
syndecan-1 at these early stages of odontogenesis correlates with
proliferation of mesenchymal cells (Vainio et al., 1991; Vainio and
Thesleff, 1992).More recent studies have revealed that syndecan-1
also stimulates cell proliferation and migration in various patho-
logical conditions (Iozzo and Sanderson, 2011; Teng et al., 2012).
During the early bell stage of odontogenesis, syndecan-1 is dis-
tributed in both epithelial andmesenchymal compartments of the
tooth germs. Once more, expression of syndecan-1 in the den-
tal follicle mesenchyme is associated with intensive proliferative
activity. In contrast, increased expression in odontoblast pre-
cursors (preodontoblasts) indicate that syndecan-1 may play an
additional role in differentiation events (Hall and Miyake, 1995).
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FIGURE 3 | Comparison of syndecan-1 protein distribution in first molars
and incisors of PN10 mouse pups. Immunohistochemistry on frontal
sections. Sections through the molar (A) and incisor (B,C). Syndecan-1
immunoreactivity in red color. (C) Higher magnification of Figure 3B.
Abbreviations: a, ameloblasts; ab, alveolar bone; ca, cervical area; cl, cervical
loop; d, dentin; de, dental epithelium; df, dental follicle; dp, dental pulp; e,
enamel; o, odontoblasts; oe, oral epithelium; oee, outer enamel epithelium;
rs, root sheath; sr, stellate reticulum. Size bars, 200µm.
FIGURE 4 | Syndecan-1 protein distribution in tissues of PN10 mouse
incisors. Immunohistochemistry on frontal sections (A–D). Syndecan-1
reactivity in red color. (D) Higher magnification of (C). Abbreviations: ab,
alveolar bone; d, dentin; dp, dental pulp; ide, inner dental epithelium; o,
odontoblasts; oee, outer enamel epithelium; pl, periodontal ligament; si,
stratum intermedium; sr, stellate reticulum; v, vessels. Size bars, 100µm.
During the mineralization stage, the tooth crown achieves
its definitive shape and the root formation begins. Functional
ameloblasts that synthesize and secrete enamel matrix proteins
express very little, if not any, syndecan-1 protein. Nevertheless,
FIGURE 5 | Syndecan-1 protein distribution in alveolar bone of PN3
and PN10 mouse pups. Immunohistochemistry on frontal sections (A–E).
Syndecan-1 reactivity in red color. Abbreviations: ab, alveolar bone; ob,
osteoblasts; oc, osteocytes; ocl, osteoclasts. Size bars, 200µm.
increased syndecan-1 expression is seen in other epithelial cell
layers such as stellate reticulum and stratum intermedium.
Decrease of syndecan-1 expression in dental pulp and dental
follicle correlates with the progression of mesenchymal cell
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differentiation. However, syndecan-1 expression persists in mes-
enchymal cells located near to the growing epithelial root sheaths
at the apical part of the tooth germ.
Rodent incisors are continuously erupting teeth, character-
ized by distinct zones of cell proliferation, differentiation, and
maturation along their anterior–posterior axis (Mitsiadis et al.,
2007; Mitsiadis and Graf, 2009). In incisors, syndecan-1 protein
is synthesized in both epithelial and mesenchymal cells of its api-
cal part (cervical loop region), preameboblasts, pulp fibroblasts,
perivascular cells and cells of the periodontium. The presence
of syndecan-1 in periodontal cells indicates its involvement in
periodontium homeostasis and regeneration, as has been already
suggested by previous studies (Worapamorn et al., 2000, 2001,
2002). Epithelial stem cells from the cervical loop generate tran-
sit amplifying progenitor cells that differentiate into all cell types
of the incisor including the ameloblasts (Harada et al., 1999;
Mitsiadis et al., 2007). Similarly, mesenchyme stem cells of the
apical part of the incisor divide actively and generate the odon-
toblast progenitors (Mitsiadis et al., 2008). Syndecan-1 is found
in the highly proliferative and specialized epithelial and mes-
enchymal compartments of the apical part of both molars and
incisors as well as in perivascular pulp territories. These well-
defined anatomical compartments of the teeth form distinct
storage sites for stem cells that are defined as stem cell niches.
Previous findings have indicated the existence of mesenchymal
stem cell niches at the perivascular sites of the dental pulp (Shi
and Gronthos, 2003; Lovschall et al., 2007; Mitsiadis et al., 2011).
Similarly, many studies have shown the existence of epithelial
and mesenchymal stem cell niches at the apical part of the teeth
(Mitsiadis et al., 1999, 2011). Extracellular matrix molecules and
adhesion molecules composing the dental stem cell niches may
influence stem cell behavior (Mitsiadis et al., 2007). Syndecan-
1 expression in these specialized dental territories suggests its
implication in self-renewing, expansion, spread and progression
of stem cells from the dividing and undifferentiated state to that
of functional differentiated cells during tooth homeostasis and
repair. Repair mechanisms that involve the activation and pro-
liferation of stem cells in order to repopulate the dental injured
tissues with the appropriate cell types (About and Mitsiadis,
2001; Mitsiadis and Rahiotis, 2004; Mitsiadis et al., 2011), may
depend on syndecan-1 function. Indeed, it has been reported that
heparan sulfate proteoglycans (HSPGs) affect proliferation, dif-
ferentiation, and maintenance of the stem cells in developmental
and repair processes (Häcker et al., 2005; Cool and Nurcombe,
2006; Bishop et al., 2007).
Signaling molecules such as Wnt, FGFs, Epidermal Growth
Factor (EGF), and Notch are important regulators of stem cell
fate and function (Häcker et al., 2005; Shaker and Rubin, 2010;
Mitsiadis et al., 2011). It is likely that the diverse roles of these
signaling molecules during odontogenesis are dependent on the
simultaneous presence of syndecan-1, which is involved in the
fine-tuning of their activity (Mali et al., 1993; Mitsiadis et al.,
1995; Su et al., 2007). For example, the distribution of the
syndecan-1 in the apical tooth areas correlates with the expres-
sion of FGF molecules (Harada et al., 1999, 2002; Mitsiadis
et al., 2008), thus suggesting that syndecan-1 could modulate the
FIGURE 6 | Schematic representation of syndecan-1 protein distribution
(blue color for epithelium, red color for mesenchyme) in the developing
mouse molars and incisors (from bud to late bell stages). Abbreviations:
a, ameloblasts; cla, cervical loop area; cm, condensed mesenchyme; de,
dental epithelium; df, dental follicle; dp, dental pulp; ide, inner dental
epithelium; o, odontoblasts; oe, oral epithelium; ode, outer dental epithelium;
oee, outer enamel epithelium; rs, root sheath; si, stratum intermedium; sr,
stellate reticulum.
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effects of FGFs by either enhancing or reducing their activities
(Mali et al., 1993; Bishop et al., 2007; Eriksson and Spillmann,
2012; Pap and Bertrand, 2013). Alternatively, syndecan-1 may
act synergistically with these molecules to keep dental cells in an
undifferentiated state (Mitsiadis et al., 2008).
Syndecan-1 can have distinct functions during proliferation
and/or migration of cells in dental tissues. Several studies have
shown that syndecans may be part of the MK and Heparin-
Binding Growth AssociatedMolecule (HB-GAM or pleiotrophin)
signaling during embryonic development (Mitsiadis et al., 1995;
Nakanishi et al., 1997; Deepa et al., 2004). However, the pat-
terns of syndecan-1, MK, and HB-GAM distribution differ as
shown previously by comparative analysis of their expression in
developing teeth (Mitsiadis et al., 2008), thus suggesting that
syndecan-1 is only part of their signaling in precise developmental
stages.
In post-natal life, syndecan-1 is found in both osteoblasts and
osteoclasts of the alveolar bone. Syndecan-1 may enhance migra-
tory or differentiation responses in osteoblasts and/or their pro-
genitors. The present findings suggest that syndecan-1 may play
a role in alveolar bone formation and remodeling. Indeed, syn-
decans are involved in skeletogenesis by regulating endochondral
ossification and organizing the fine structure of the extracellular
matrix (Pap and Bertrand, 2013).
The functional redundancy of syndecans in development has
been long suspected due to their common ancestral origin and
high sequence homology. Indeed, syndecan-1 knockout mice
are healthy and do not exhibit any obvious organ abnormali-
ties by the exception of mammary glands and corneal and skin
re-epithelialization (Stepp, 2002; Liu et al., 2004). Furthermore,
transgenic mice that overexpress syndecan-1 exhibit impaired
wound healing due to the increased levels of shed syndecan-1
ectodomain at the injury site, where it acts as a dominant-negative
regulator of syndecan-1 function (Elenius et al., 2004). Thus,
syndecan-1 is involved in wound healing processes, and most
notably in keratinocyte function and re-epithelialization.
In conclusion, the present results highlight the important and
dynamic nature of syndecan-1 during tooth development and
homeostasis (Figure 6). Syndecan-1 could be used as a marker
of stem/progenitor cells that are activated during tooth repair
processes. Syndecan-1 function on proliferative, migratory and
differentiation events may greatly depend on the concomitant
presence of signaling molecules.
ACKNOWLEDGMENTS
This work was supported by the Swiss National Foundation
(SNSF) Grant 31003A_135633 (Thimios A. Mitsiadis, Anna
Filatova) and by institutional funds from the University of Zurich
(Thimios A. Mitsiadis, Pierfrancesco Pagella). The authors state
that there not existing conflicts of interest. The authors wish to
thank ProfessorMarkku Jalkanen (Faron Pharmaceuticals, Turku,
Finland) for the gift of the syndecan-1 antibody.
REFERENCES
About, I., and Mitsiadis, T. A. (2001). Molecular aspects of tooth pathogene-
sis and repair: in vivo and in vitro models. Adv. Dent. Res. 15, 59–62. doi:
10.1177/08959374010150011501
Bai, X. M., Van Der Schueren, B., Cassiman, J. J., Van Den Berghe, H., and David,
G. (1994). Differential expression of multiple cell-surface heparan sulfate pro-
teoglycans during embryonic tooth development. J. Histochem. Cytochem. 42,
1043–1053. doi: 10.1177/42.8.8027524
Bernfield, M., Kokenyesi, R., Kato, M., Hinkes, M. T., Spring, J., Gallo,
R. L., et al. (1992). Biology of the syndecans: a family of transmem-
brane heparan sulfate proteoglycans. Annu. Rev. Cell Biol. 8, 365–393. doi:
10.1146/annurev.cb.08.110192.002053
Bishop, J. R., Schuksz, M., and Esko, J. D. (2007). Heparan sulphate pro-
teoglycans fine-tune mammalian physiology. Nature 446, 1030–1037. doi:
10.1038/nature05817
Cool, S. M., and Nurcombe, V. (2006). Heparan sulfate regulation of
progenitor cell fate. J. Cell. Biochem. 99, 1040–1051. doi: 10.1002/
jcb.20936
Deepa, S. S., Yamada, S., Zako, M., Goldberger, O., and Sugahara, K. (2004).
Chondroitin sulfate chains on syndecan-1 and syndecan-4 from normal murine
mammary gland epithelial cells are structurally and functionally distinct and
cooperate with heparan sulfate chains to bind growth factors. A novel function
to control binding of midkine, pleiotrophin, and basic fibroblast growth factor.
J. Biol. Chem. 279, 37368–37376. doi: 10.1074/jbc.M403031200
Dias, R. A., Shibata, S., Hashimoto-Uoshima, M., Podyma-Inoue, K. A.,
Ishikawa, I., and Yanagishita, M. (2005). Syndecan-1 expression during
the formation of junctional epithelium. J. Periodontol. 76, 696–704. doi:
10.1902/jop.2005.76.5.696
Elenius, V., Götte, M., Reizes, O., Elenius, K., and Bernfield, M. (2004).
Inhibition by the soluble syndecan-1 ectodomains delays wound repair
in mice overexpressing syndecan-1. J. Biol. Chem. 279, 41928–41935. doi:
10.1074/jbc.M404506200
Eriksson, A. S., and Spillmann, D. (2012). The mutual impact of syndecan-1 and
its glycosaminoglycan chains–a multivariable puzzle. J. Histochem. Cytochem.
60, 936–942. doi: 10.1369/0022155412460242
Häcker, U., Nybakken, K., and Perrimon, N. (2005). Heparan sulphate proteogly-
cans: the sweet side of development. Nat. Rev. Mol. Cell Biol. 6, 530–541. doi:
10.1038/nrm1681
Hall, B. K., and Miyake, T. (1995). Divide, accumulate, differentiate: cell condensa-
tion in skeletal development revisited. Int. J. Dev. Biol. 39, 881–893.
Harada, H., Kettunen, P., Jung, H. S., Mustonen, T., Wang, Y. A., and Thesleff,
I. (1999). Localization of putative stem cells in dental epithelium and their
association with Notch and FGF signaling. J. Cell Biol. 147, 105–120. doi:
10.1083/jcb.147.1.105
Harada, H., Toyono, T., Toyoshima, K., Yamasaki, M., Itoh, N., Kato, S., et al.
(2002). FGF10 maintains stem cell compartment in developing mouse incisors.
Development 129, 1533–1541.
Iozzo, R. V., and Sanderson, R. D. (2011). Proteoglycans in cancer biology, tumour
microenvironment and angiogenesis. J. Cell. Mol. Med. 15, 1013–1031. doi:
10.1111/j.1582-4934.2010.01236.x
Jalkanen, M. (1985). Heparan sulfate proteoglycans frommouse mammary epithe-
lial cells: localization on the cell surface with a monoclonal antibody. J. Cell Biol.
101, 976–984. doi: 10.1083/jcb.101.3.976
Jalkanen, M., Rapraeger, A., Saunders, S., and Bernfield, M. (1987). Cell surface
proteoglycan of mouse mammary epithelial cells is shed by cleavage of its
matrix-binding ectodomain from its membrane-associated domain. J. Cell Biol.
105, 3087–3096. doi: 10.1083/jcb.105.6.3087
Kero, D., Kalibovic Govorko, D., Vukojevic, K., Cubela, M., Soljic, V., and Saraga-
Babic, M. (2014). Expression of cytokeratin 8, vimentin, syndecan-1 and
Ki-67 during human tooth development. J. Mol. Histol. 45, 627–640. doi:
10.1007/s10735-014-9592-1
Kokenyesi, R., and Bernfield, M. (1994). Core protein structure and sequence
determine the site and presence of heparan sulfate and chondroitin sulfate on
syndecan-1. J. Biol. Chem. 269, 12304–12309.
Kovalszky, I., Hjerpe, A., and Dobra, K. (2014). Nuclear translocation of heparan
sulfate proteoglycans and their functional significance. Biochim. Biophys. Acta
1840, 2491–2497. doi: 10.1016/j.bbagen.2014.04.015
Liu, B. Y., McDermott, S. P., Khwaja, S. S., and Alexander, C. M. (2004). The trans-
forming activity of Wnt effectors correlates with their ability to induce the
accumulation of mammary progenitor cells. Proc. Natl. Acad. Sci. U.S.A. 101,
4158–4163. doi: 10.1073/pnas.0400699101
Lovschall, H., Mitsiadis, T. A., Poulsen, K., Jensen, K. H., and Kjeldsen, A. L.
(2007). Coexpression of Notch3 and Rgs5 in the pericyte-vascular smooth
Frontiers in Physiology | Craniofacial Biology January 2015 | Volume 5 | Article 518 | 6
Filatova et al. Syndecan-1 in odontogenesis
muscle cell axis in response to pulp injury. Int. J. Dev. Biol. 51, 715–721. doi:
10.1387/ijdb.072393hl
Mali, M., Elenius, K., Miettinen, H. M., and Jalkanen, M. (1993). Inhibition of
basic fibroblast growth factor-induced growth promotion by overexpression of
syndecan. J. Biol. Chem. 268, 24215–24222.
Mitsiadis, T. A., Barrandon, O., Rochat, A., Barrandon, Y., and De Bari, C.
(2007). Stem cell niches in mammals. Exp. Cell Res. 313, 3377–3385. doi:
10.1016/j.yexcr.2007.07.027
Mitsiadis, T. A., Caton, J., De Bari, C., and Bluteau, G. (2008). The large functional
spectrum of the heparin-binding cytokines MK and HB-GAM in continuously
growing organs: the rodent incisor as a model. Dev. Biol. 320, 256–266. doi:
10.1016/j.ydbio.2008.05.530
Mitsiadis, T. A., Feki, A., Papaccio, G., and Catón, J. (2011). Dental pulp stem cells,
niches, and notch signaling in tooth injury. Adv. Dent. Res. 23, 275–279. doi:
10.1177/0022034511405386
Mitsiadis, T. A., Fried, K., and Goridis, C. (1999). Reactivation of Delta-
Notch signaling after injury: complementary expression patterns of ligand
and receptor in dental pulp. Exp. Cell Res. 246, 312–318. doi: 10.1006/excr.
1998.4285
Mitsiadis, T. A., and Graf, D. (2009). Cell fate determination during tooth devel-
opment and regeneration. Birth Defects Res. C. Embryo Today 87, 199–211. doi:
10.1002/bdrc.20160
Mitsiadis, T. A., and Luder, H. U. (2011). Genetic basis for tooth malformations:
frommice tomen and back again. Clin. Genet. 80, 319–329. doi: 10.1111/j.1399-
0004.2011.01762.x
Mitsiadis, T. A., and Rahiotis, C. (2004). Parallels between tooth devel-
opment and repair: conserved molecular mechanisms following carious
and dental injury. J. Dent. Res. 83, 896–902. doi: 10.1177/154405910408
301202
Mitsiadis, T. A., Salmivirta, M., Muramatsu, T., Muramatsu, H., Rauvala, H.,
Lehtonen, E., et al. (1995). Expression of the heparin-binding cytokines,
midkine (MK) and HB-GAM (pleiotrophin) is associated with epithelial-
mesenchymal interactions during fetal development and organogenesis.
Development 121, 37–51.
Morgan, M. R., Humphries, M. J., and Bass, M. D. (2007). Synergistic control of
cell adhesion by integrins and syndecans. Nat. Rev. Mol. Cell Biol. 8, 957–969.
doi: 10.1038/nrm2289
Muto, T., Miyoshi, K., Munesue, S., Nakada, H., Okayama, M., Matsuo, T., et al.
(2007). Differential expression of syndecan isoforms during mouse incisor
amelogenesis. J. Med. Investig. 54, 331–339. doi: 10.2152/jmi.54.331
Nakanishi, T., Kadomatsu, K., Okamoto, T., Ichihara-Tanaka, K., Kojima, T., Saito,
H., et al. (1997). Expression of syndecan-1 and -3 during embryogenesis of the
central nervous system in relation to binding with midkine. J. Biochem. 121,
197–205.
Pap, T., and Bertrand, J. (2013). Syndecans in cartilage breakdown and synovial
inflammation. Nat. Rev. Rheumatol. 9, 43–55. doi: 10.1038/nrrheum.2012.178
Perrimon, N., and Bernfield,M. (2000). Specificities of heparan sulphate proteogly-
cans in developmental processes. Nature 404, 725–728. doi: 10.1038/35008000
Salmivirta, M., Elenius, K., Vainio, S., Hofer, U., Chiquet-Ehrismann, R., Thesleff,
I., et al. (1991). Syndecan from embryonic tooth mesenchyme binds tenascin.
J. Biol. Chem. 266, 7733–7739.
Sanderson, R. D., and Bernfield, M. (1988). Molecular polymorphism of a
cell surface proteoglycan: distinct structures on simple and stratified epithe-
lia. Proc. Natl. Acad. Sci. U.S.A. 85, 9562–9566. doi: 10.1073/pnas.85.
24.9562
Saunders, S., Jalkanen, M., O’Farrell, S., and Bernfield, M. (1989). Molecular
cloning of syndecan, an integrated membrane proteoglycan. J. Cell Biol. 108,
1547–1556. doi: 10.1083/jcb.108.4.1547
Shaker, A., and Rubin, D. C. (2010). Intestinal stem cells and epithelial-
mesenchymal interactions in the crypt and stem cell niche. Transl. Res. 156,
180–187. doi: 10.1016/j.trsl.2010.06.003
Shi, S., and Gronthos, S. (2003). Perivascular niche of postnatal mesenchymal stem
cells in human bone marrow and dental pulp. J. Bone Miner. Res. 18, 696–704.
doi: 10.1359/jbmr.2003.18.4.696
Stepp, M. A. (2002). Defects in keratinocyte activation during wound healing in the
syndecan-1-deficient mouse. J. Cell Sci. 115, 4517–4531. doi: 10.1242/jcs.00128
Stewart, M. D., and Sanderson, R. D. (2014). Heparan sulfate in the
nucleus and its control of cellular functions. Matrix Biol. 35, 56–59. doi:
10.1016/j.matbio.2013.10.009
Su, G., Blaine, S. A., Qiao, D., and Friedl, A. (2007). Shedding of syndecan-1 by
stromal fibroblasts stimulates human breast cancer cell proliferation via FGF2
activation. J. Biol. Chem. 282, 14906–14915. doi: 10.1074/jbc.M611739200
Szatmári, T., and Dobra, K. (2013). The role of syndecan-1 in cellular signaling and
its effects on heparan sulfate biosynthesis in mesenchymal tumors. Front. Oncol.
3:310. doi: 10.3389/fonc.2013.00310
Teng, Y. H.-F., Aquino, R. S., and Park, P. W. (2012). Molecular functions of
syndecan-1 in disease. Matrix Biol. 31, 3–16. doi: 10.1016/j.matbio.2011.10.001
Thesleff, I., Vaahtokari, A., and Partanen, A. M. (1995). Regulation of organogen-
esis. Common molecular mechanisms regulating the development of teeth and
other organs. Int. J. Dev. Biol. 39, 35–50.
Vainio, S., Jalkanen, M., and Thesleff, I. (1989). Syndecan and tenascin expres-
sion is induced by epithelial-mesenchymal interactions in embryonic tooth
mesenchyme. J. Cell Biol. 108, 1945–1954. doi: 10.1083/jcb.108.5.1945
Vainio, S., Jalkanen, M., Vaahtokari, A., Sahlberg, C., Mali, M., Bernfield, M., et al.
(1991). Expression of syndecan gene is induced early, is transient, and correlates
with changes in mesenchymal cell proliferation during tooth organogenesis.
Dev. Biol. 147, 322–333. doi: 10.1016/0012-1606(91)90290-J
Vainio, S., and Thesleff, I. (1992). Coordinated induction of cell proliferation
and syndecan expression in dental mesenchyme by epithelium: evidence for
diffusible signals. Dev. Dyn. 194, 105–117. doi: 10.1002/aja.1001940204
Worapamorn,W., Li, H., Pujic, Z., Xiao, Y., Young,W. G., and Bartold, P.M. (2000).
Expression and distribution of cell-surface proteoglycans in the normal Lewis
rat molar periodontium. J. Periodontal Res. 35, 214–224. doi: 10.1034/j.1600-
0765.2000.035004214.x
Worapamorn, W., Li, H., Young, W. G., and Bartold, P. M. (2001). Differential
expression and distribution of syndecan-1 and -2 in the developing periodon-
tium of the rat.Connect. Tissue Res. 42, 39–48. doi: 10.3109/03008200109014247
Worapamorn, W., Xiao, Y., Li, H., Young, W. G., and Bartold, P. M. (2002).
Differential expression and distribution of syndecan-1 and -2 in periodontal
wound healing of the rat. J. Periodontal Res. 37, 293–299. doi: 10.1034/j.1600-
0765.2002.01624.x
Conflict of Interest Statement: The Guest Associate Editor Dr. Claudio Cantù
declares that, despite being affiliated to the same institution as author Prof.
Thimios Mitsiadis, the review process was handled objectively and no conflict of
interest exists. The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential
conflict of interest.
Received: 08 December 2014; paper pending published: 16 December 2014; accepted:
18 December 2014; published online: 15 January 2015.
Citation: Filatova A, Pagella P and Mitsiadis TA (2015) Distribution of syndecan-
1 protein in developing mouse teeth. Front. Physiol. 5:518. doi: 10.3389/fphys.
2014.00518
This article was submitted to Craniofacial Biology, a section of the journal Frontiers in
Physiology.
Copyright © 2015 Filatova, Pagella and Mitsiadis. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org January 2015 | Volume 5 | Article 518 | 7
